Bacterial cells are covered with peptidoglycan (PG) layer(s), serving as the cellular exoskeleton. The PG sacculus changes its shape during cell growth, and thus both the synthesis and disassembly of PG are important for cell proliferation. In Bacillus subtilis, four DL-endopeptidases (DLEPases; LytE, LytF, CwlO and CwlS) are involved in the maintenance of cell morphology. The lytE cwlO double mutant exhibits synthetic lethality and defective cell elongation, while the lytE lytF cwlS triple mutant exhibits defective cell separation, albeit with septum formation. LytE is involved in both cell separation and elongation. We propose that DLEPases have varied roles in cell separation and elongation. To determine these roles, the catalytic domain of LytE was substituted with another catalytic domain that digests the other bonds in PG. By using the chimeric enzymes, we assessed the suppression of the synthetic lethality by the cell elongation defect and the disruption of chain morphology by the cell separation defect. All the constructed chimeric enzymes suppressed the cell separation defect, restoring the chain morphology. Digestion at any position of PG broke the linkage between two daughter cells, releasing them from each other. However, only D,Dendopeptidases suppressed the lack of DLEPase in the lytE cwlO double mutant. This indicated that the release of tension on the expanding PG sacculus is not the sole essential function of DLEPases. Considering that the structure of the digested PG is important for cell elongation, the digested product might be reused in the growth process in some way.
INTRODUCTION
Bacterial cells are covered with peptidoglycan (PG), which determines the shape of the cell [1] . PG forms a mesh-like structure that comprises polysaccharide chains and peptide bridges, and serves as the exoskeleton for the bacterial cell (Fig. 1a) , enabling the cell to withstand various environmental stresses [1] . Owing to the coordinated activities of both PG polymerases (called D,D-transpeptidases or penicillin-binding proteins) and hydrolases, the shape of the PG sacculus changes as bacteria grow and divide [2] . An insideto-outside model for PG dynamics has been proposed in Gram-positive bacteria [3, 4] . According to this model, newly synthesized PG is incorporated near the cytoplasmic membrane, whereas the outer PG layers are hydrolysed to relax the tension generated by the expanding cell volume. As a result of this PG remodelling, PG fragments are released into the medium [3, [5] [6] [7] .
Over 35 genes encoding PG hydrolases have been identified in the Bacillus subtilis genome. These enzymes are classified into seven groups according to the cleavage sites in the PG structure (Fig. 1a) [8] . Four B. subtilis enzymes (LytE, LytF, CwlS and CwlO) have a similar C-terminus catalytic domain that displays D,L-endopeptidase (DLEPase) activity, targeting the D-g-glutamyl-meso-diaminopimelic acid bonds in PG (dashed lines in Fig. 1a ) [9] [10] [11] [12] . LytE, LytF and CwlS have an N-terminus LysM PG-binding domain, which is required for their subcellular localization at the cellular poles and septa. The lytE lytF cwlS triple mutant forms septated filaments [11, 13] , indicating that these three enzymes are involved in cell separation. In addition, LytE and CwlO have been detected at the cellular sidewall, and a conditional mutant unable to produce these two enzymes shows synthetic lethality and defective cell elongation [14] [15] [16] . Our previous work indicated that lytE cwlO synthetic lethality could be rescued when at least one active endopeptidase was targeted to the lateral cell wall [16] . Taken together, these results suggested that the subcellular localization of DLEPases determines their function in cell morphogenesis [16] ; the enzymes localized at the septum are involved in cell separation, whereas those localized at the sidewall are involved in cell elongation.
In this study, we tested the capacity of various catalytic domains of PG-degrading enzymes to contribute to cell separation and elongation processes using B. subtilis as a model system.
METHODS Bacterial strains, plasmids and culture conditions
The bacterial strains and plasmids used in this study are listed in Table 1 . The recombined structures for all the constructed strains were confirmed by PCR. B. subtilis and Escherichia coli strains were cultured in lysogeny broth (LB) at 37 C with vigorous shaking [17] . When required, antibiotics and chemical inducers were added at the following concentrations: ampicillin, 100 µg ml À1 ; tetracycline, 5 µg ml
À1
; kanamycin, 25 µg ml
; spectinomycin, 50 µg ml
; chloramphenicol, 5 µg ml
; IPTG, 1 mM; and xylose, 1 % (m/v).
Construction of strains and plasmids
The sequences of primers used in this study are given in Table S1 (available in the online version of this article). Strains expressing the chimeric enzyme controlled by the lytE promoter were constructed by plasmid integration into the lytE locus of B. subtilis OH001 and FS (Table 1, Fig. S1 ). These plasmids were constructed as detailed below. A fragment encoding the N-terminus domain of LytE and those encoding the catalytic domains of LytD for pCA6-LytD, CwlP(SLT) for pCA6-CwlP(SLT), CwlH for pCA6-CwlH, CwlK for pCA6-CwlK and CwlP(M23) for pCA6-CwlP (M23) were PCR amplified from the B. subtilis 168 chromosome (primers shown in Table S2 ). The fragment encoding the YebA catalytic domain was PCR amplified from the E. coli MG1655 chromosome for pCA6-YebA5. The DNA fragment encoding the LytE N-terminus domain was fused to DNA fragments encoding the catalytic domains by overlap extension PCR [18] . The fragments encoding the chimeric enzyme were cloned into KpnI and BamHI sites of pCA6xFLAG, except for LytD, which was cloned into the KpnI and XbaI sites of the plasmid.
The pHT-Cm-Not vector was constructed to overexpress the chimeric enzymes in B. subtilis. cat in pACYC184 was PCR amplified using Bam-CmN and CmC-Not-XbaI2 as primers, and the fragment was cloned into the BamHI and XbaI sites of pHT01 (MoBiTec). Plasmids overexpressing a chimeric enzyme were constructed using fragments that were PCR amplified using LytE-31 and FLAG-C-Not as primers with the following templates: MH10 for pLytE-LytD, MH03 for pLytE-CwlP(SLT), MH12 for pLytE-CwlH, MH05 for pLytE-CwlK, OH004 for pLytE and MH07 for pLytE-CwlP(M23). The amplified fragments were digested with BglII and NotI, and cloned into the BamHI and NotI sites of pHT-Cm-Not.
Western blot analysis and zymography SDS-PAGE was performed as described previously [19] . Harvested cells were suspended in electrophoresis sample buffer and subjected to 14 % SDS-PAGE. Resolved proteins were examined using Western blotting as described previously [16] . Zymography was performed as described previously using 14 % SDS-PAGE with 0.5 mg ml À1 of cell wall extracted from B. subtilis [10, 16, 20] .
Microscopy
To prepare samples for immunofluorescence microscopy (IFM), cells cultured in LB medium containing 1 % (m/v) xylose were harvested when the culture reached an optical density of 0.1 at 600 nm (OD 600 nm ). Cell samples for IFM were prepared as described previously [16] . The cells were observed using a Zeiss Axio Imager M1 microscope with a 63Â Apochromat objective and a standard rhodamine filter set for visualizing Cy3. The exposure time was 50 ms. A Zeiss Observer Z1 microscope was used with a 20Â LD Plan-Neofluar objective to observe the cells under brightfield microscopy.
RESULTS
Construction and characterisation of chimeric enzymes containing the N-terminus domain of LytE LytE is involved in both cell separation and elongation in B. subtilis [9, 15, 16] . To investigate the role of DLEPase, we constructed strains that expressed a chimeric enzyme in which the catalytic domain of LytE was substituted by catalytic domains of other PG-degrading enzymes that digest other bonds in PG (Fig. 1) . The chimeric enzymes comprised the cell wall-binding domain of LytE at the N-terminus, a catalytic domain from another PG-degrading enzyme, and a 6ÂFLAG tag at the C-terminus. The expressed cell wall-binding domain of LytE with the deleted catalytic domain and the full-length LytE are localized similarly, indicating that LytE localization is determined by the N-terminus cell wall-binding domain, independent of the catalytic domain [16] . Therefore, the constructed chimeric enzymes would be recruited to the septa and lateral cell wall, as in the intact LytE. The catalytic domain of LytE responsible for DLEPase activity was substituted by the following catalytic domains of various PGdegrading enzymes in B. subtilis: LytD (N-acetylglucosaminidase), the SLT domain of CwlP (N-acetylmuraminidase and lytic transglucosidase), CwlH (N-acetylmuramoyl-L-alanine amidase), CwlK (L,D-endopeptidase), LytE (D,L-endopeptidase) and the M23 domain of CwlP (D,D-endopeptidase; Fig. 1) [8, 21, 22 ]. As the D-Ala-D-Ala bond in PG is not involved in the mesh structure, no chimeric enzymes containing the catalytic domain of D,D-carboxypeptidase were constructed. A 6ÂFLAG tag was fused at the C-terminus of the chimeric enzyme to investigate the expression and subcellular localization by Western blotting and IFM with an anti-FLAG antibody. The genes encoding chimeric proteins (except overexpressing plasmids) were expressed under the control of the lytE promoter following a single crossing-over recombination (Fig. S1 ).
Western blotting and zymography were employed to detect the expression and activity of the constructed chimeric enzymes, respectively (Fig. 2) . The positions of the migrated bands on the Western blot were consistent with the calculated molecular weights, and the intensities of the bands were almost equivalent to that of LytE, although a degraded product in addition to a full-length one was observed for the LytE-LytD chimeric protein (Fig. 2b, lane 1) . Zymography using the B. subtilis cell wall as a substrate was performed to investigate the activity of the chimeric enzymes. The band corresponding to the intact LytE (Fig. 2, lane 5) was absent in the strains that expressed the chimeric enzyme, and extra bands for chimeric enzymes that corresponded to the bands on the Western blot were detected. In the case of the LytE-YebA chimeric protein, a degraded product in addition to a full-length one was observed (Fig. 2a, lane 7; see below) . The subcellular localization of the chimeric enzymes was determined by IFM using an anti-FLAG antibody (Fig. S2) . LytE-6ÂFLAG was detected at the poles, septa and lateral cell wall, consistent with an earlier report (Fig. S2e) [16] . The other chimeric enzymes were also detected in a similar manner. This result demonstrated that the cell wall-binding domain of LytE in each chimeric enzyme functioned to recruit the chimeric enzyme to its proper position. Taken together, the results showed that the constructed chimeric enzymes demonstrated activity and localization similar to those of LytE-6ÂFLAG.
Suppression of the chain-forming phenotype of the lytE lytF cwlS triple mutant in strains expressing chimeric enzymes In the wild-type strain, the three DLEPases -LytE, LytF and CwlS -were detected at the septa and were involved in cell separation. As the functions of these enzymes overlap, none of the single knockout mutants is defective for cell separation. However, a triple mutant (EFS) shows a chain-like morphology and is defective for cell separation [11] . In this study, the constructed chimeric enzymes were detected at the septum, since they contained the cell wall-binding domain of LytE (Fig. S2) . To determine whether the chimeric enzymes suppressed the defective cell separation phenotype, the chimeric enzymes were expressed in the EFS background (Fig. 3) . While the EFS strain exhibited chainlike morphology, the cells of strains expressing a chimeric enzyme were entirely separated or had an apparently shorter morphology than those of strains without the chimeric enzyme expression. Colony-forming units per OD unit were also compared in EFS strains with or without chimeric enzyme expression (Fig. S3) . These results indicated that the chimeric enzymes were also active in vivo and could digest PG. Consequently, all the constructed chimeric enzymes that digested different bonds in PG could suppress defective cell separation. Therefore, digestion at any position of PG at the septum was sufficient for cell separation and thus the role of PG hydrolase in cell separation is to break the PG linkage between the daughter cells to release them.
Digesting PG near a cross-link is necessary for cell growth Next, we investigated whether the chimeric enzymes could suppress the synthetic lethality of lytE cwlO, which showed defective cell elongation. As described above, a strain in which lytE is deleted and cwlO expression is inducible by xylose shows a growth defect and synthetic lethality when cultured without xylose [16] . Both LytE and CwlO were detected at the cellular sidewall, and the synthetic lethality was caused by a lack of DLEPase activity at the lateral cell wall. In this study, the constructed chimeric enzymes were also detected in the same manner with LytE (Fig. S2) . The cell wall-degrading activities of the chimeric enzymes were observed both in vitro (Fig. 2) and in vivo (Fig. 3) . Thus, the active chimeric enzyme was recruited to the cellular sidewall. If the physiological function of LytE and CwlO at the cellular sidewall was only to loosen the tension of the multiple-layered PG sacculus, any of the chimeric enzymes would suppress the synthetic lethality of lytE cwlO. Suppression of synthetic lethality by the chimeric enzyme expressed under the control of the lytE promoter was analysed (Fig. 4) . Only LytE-CwlP(M23) with DDEPase activity suppressed synthetic lethality. The other chimeric enzymes showed defective growth in the absence of CwlO induction. However, zymography revealed that LytE-CwlP(M23) showed considerably higher degradative activity than the other enzymes did (Fig. 2) . To test the possibility of non-specific suppression by the increased degradative activity of LytE-CwlP (M23), all the chimeric enzymes were overexpressed in strain OH002 (DlytE Pxyl-cwlO) (Fig. S4, blue lines) . Only LytE-CwlP(M23) overexpression suppressed synthetic lethality. The strain OH002/pCwlP(SLT) grew more slowly than the other strains when IPTG was added to overexpress LytE-CwlP(SLT) even though CwlO was induced. This slow growth might be attributed to cell lysis. While PG digestion by the chimeric enzyme indicated partial cell lysis, this digestion of PG did not restore synthetic lethality. These results suggested that the function of the essential PGdegrading enzymes is not only to loosen the tension of PG layers in a growing cell, and that synthetic lethality of lytE and cwlO does not arise from defective PG degradation to make way for growth of the cytoplasmic space. Because digestion of some specific bonds is required for cell growth, the structure of digested PG might be important. which have DDEPase activity, display synthetic lethality in LB medium [23] . The catalytic domain of Spr belongs to the NlpC/P60 family, which is similar to that of the essential DLEPases in B. subtilis, and the catalytic domain of YebA belongs to the M23 peptidase family, as does the M23 domain of CwlP. Because LytE-CwlP(M23), having DDEPase activity, suppressed the synthetic lethality of lytE cwlO, we also constructed chimeric enzymes that contained the LytE N-terminus domain and catalytic domain of the E. coli essential DDEPases. The chimeric enzyme LytE-YebA expressed in B. subtilis showed degradative activity towards the B. subtilis cell wall, although a part of the enzyme was partially proteolysed (Fig. 2a, black arrowhead) . The major specific band on the zymograph did not show a signal on the Western blot, suggesting that the major band was proteolysed from the C-terminus end and the epitope tag was released, but it still possessed cell wall-degrading activity. Besides, although different forms of LytE-Spr were constructed, none showed cell wall-degradative activity with zymography (data not shown). The suppression assay for lytE cwlO synthetic lethality in B. subtilis was carried out with the active chimeric enzyme LytE-YebA. The strain expressing LytE-YebA grew in a similar manner with or without xylose for CwlO expression (Fig. 4g) . Thus, the catalytic domain of DDEPase from E. coli also facilitated the growth of B. subtilis. The observation that the catalytic activity of LytE-YebA was comparable to that of LytE on zymography (Fig. 2) indicated that a higher activity of LytE-CwlP (M23) might not be required for the suppression. Taken together, these results indicated that the digestion of PG by DLEPase or DDEPase at the cellular sidewall is necessary for B. subtilis growth, but enzymes that digest PG at other positions do not allow cell growth.
To further confirm the suppression of synthetic lethality by LytE-CwlP(M23), an inhibitor protein (IseA) for LytE and CwlO [24] was overexpressed in the cells that suppressed synthetic lethality (Fig. 5) . The overexpression did not affect cell growth of the strain suppressing synthetic lethality by LytE-CwlP(M23), indicating that the suppression is caused by the chimeric enzyme with DDEPase activity.
DISCUSSION
In this study, the role of PG hydrolases in cell separation and elongation in B. subtilis was studied. Four DLEPases (LytE, LytF, CwlO and CwlS) are important in the morphogenesis of B. subtilis cells. It has been suggested that the physiological functions of the enzymes are determined by their subcellular localization [16] . Among the DLEPases, only LytE localizes both at the septa and cellular sidewall and is involved in cell separation and elongation. In this study, catalytic domains digesting different bonds in PG were recruited to the septa and cellular sidewall through the cell wall-binding domain of LytE, and all the chimeric enzymes suppressed defective cell separation (Fig. 3) . Furthermore, the DLEPase domain of LytF and CwlS used in a previous study [16] and the DDEPase domain used in this study, recruited as LytE, suppressed the cell elongation defect in the lytE cwlO double mutant (Fig. 4) . These results strongly support the hypothesis that the subcellular localization of the enzymes determines their function. However, the chimeric enzymes, except those with DLEPase and DDEPase domains, did not suppress the synthetic lethality of lytE cwlO but suppressed the cell separation defect. These results suggested that the roles of PG-degrading enzymes in cell separation and cell elongation differ. In other words, the digestion of specific bonds in PG is required for cell elongation at the sidewall, although digestion of any bond in the PG is sufficient for cell separation. If LytE and CwlO are required only to loosen the outer PG layers in the inside-tooutside model, the digestion of any bond in PG could replace the function. Thus, releasing the tension of the expanding PG sacculus is not the only essential function of the PG hydrolases. Incidentally, all the constructed chimeric enzymes, except LytE-LytD, showed higher activity than that of LytE-LytE on zymography (Fig. 2a) . The strong activity of chimeric enzymes delivered to the septa might have suppressed the cell separation defect (Fig. 3) . This would support the notion that synthetic lethality is not caused by defective release of tension, because strong activity did not suppress it. However, it is possible that synthetic lethality was not suppressed by LytE-LytD because the enzyme activity seemed lower than that of LytE, whereas the enzyme suppressed defective cell separation.
The digestion of certain bonds in the PG structure by essential PG-degrading enzymes was found to be important for cell growth, because only DLEPase and DDEPase were functional for cell growth. In addition to the defective growth of essential PG hydrolase mutants, the mutant cells showed defective cell morphology wherein the cells were shorter and more rounded. PG synthesis in the B. subtilis mutant was further investigated by staining with fluorescein-labelled vancomycin, which specifically binds to newly synthesized PG [25, 26] . The fluorescence intensity of the mutant was greatly reduced compared to that of the wildtype, indicating that the mutant is defective in PG synthesis [15] . In addition, an E. coli mutant strain with depleted expression of essential PG hydrolases showed reduced incorporation of new PG into the sacculus [23] . Taken together, these results suggested a defect in PG synthesis in the essential PG hydrolase mutants. DLEPase and DDEPase digest PG at positions nearer to the cross-link in the mesh structure than the other four types of PG hydrolases (except DD-carboxypeptidase, which does not disrupt the mesh structure). Thus, digesting PG near the cross-link is required for cell growth in B. subtilis. These results suggested that the structure of the digested PG is important for cell growth, and implied that the digested PG might have been reused as a substrate for another enzymatic reaction.
Whether the PG digested by the essential DLEPase is recross-linked in B. subtilis remains to be elucidated. The two cleavage sites for DLEPase exist in a bridged peptide (dashed lines in Fig. 1a) . When the bridged peptide is completely digested by a DLEPase, the N-acetylmuramic acid (MurNAc) residue contains an L-Ala-D-Glu dipeptide. If the retained dipeptide was reused to form a cross-link between the PG glycan strands again, the structure of the bridged peptide would be different from that in Fig. 1 . However, such a cross-link structure with the short peptide was not detected in an inclusive analysis of PG structure of B. subtilis [27] . Therefore, the dipeptide digested by DLEPase is not directly reused for PG synthesis. However, it is possible that a longer peptide digested by DLEPase only at one cleavage site is reusable for bridge formation. The bridged peptide in a growing cell is under tension due to turgor pressure, but that tension is released after the first digestion occurs. If LytE and CwlO had higher affinity for a bridged peptide under tension than for a bridged peptide under no tension, the activity for the secondary digestion would decrease and the long peptide would be retained. However, to the best of our knowledge, the reuse of such a longer peptide for bridge formation has not yet been reported.
The results of this study indicated that the tension on the expanding PG sacculus in the inside-outside model is not the sole essential function of DLEPases. In addition, we highlighted the importance of the PG structure digested by the essential PG-degrading enzyme. However, further studies are necessary to reveal essential mechanisms of DLEPases involved in cell growth. 
